Ozone (O 3 ), a ubiquitous urban air pollutant, causes adverse pulmonary and extrapulmonary effects. A large variability in acute O 3 -induced effects has been observed; however, the basis for interindividual differences in susceptibility is unclear. We previously demonstrated a role for the hypothalamic-pituitary-adrenal (HPA) stress axis and glucocorticoid response in acute O 3 toxicity. Glucocorticoids have important anti-inflammatory actions, and have been shown to regulate lung inflammatory responses. We hypothesised that a hyporesponsive HPA axis would be associated with greater O 3 -dependent lung inflammatory signaling. Two genetically-related rat strains with known differences in stress axis reactivity, highly-stress responsive Fischer (F344) and less responsive Lewis (LEW), were exposed for 4 h by nose-only inhalation to clean air or 0.8 ppm O 3 , and euthanized immediately after exposure. As expected, baseline (air-exposed) plasma corticosterone was significantly lower in the hypostress responsive LEW. Although O 3 exposure increased plasma corticosterone in both strains, corticosterone remained significantly lower in LEW when compared to F334. LEW exhibited greater O 3 -induced inflammatory cytokine/chemokine signaling compared to F344, consistent with the lower corticosterone levels. Since we observed strain-specific differences in inflammatory signaling, we further investigated injury biomarkers (total protein, albumin and lactate dehydrogenase). Although the hyper-responsive F344 exhibited lower inflammatory signaling in response to O 3 compared with LEW, they had greater levels of lung injury biomarkers. Our results indicate that stress axis variability is associated with differential O 3 -induced lung toxicity. Given the large variability in stress axis reactivity among humans, stress axis regulation could potentially be a determining factor underlying O 3 sensitivity.
Introduction
Air pollution is one of the leading causes of premature death worldwide (Cohen et al., 2017; Kampa and Castanas, 2008) . Ozone (O 3 ), a principle oxidant air pollutant in urban areas, has been shown to cause pulmonary dysfunction, airway inflammation, and alveolar tissue injury (Kinney et al., 1989; Koman and Mancuso, 2017) . As a secondary pollutant, O 3 is not emitted directly to the ambient air but is generated through chemical reactions between nitrogen oxides and volatile organic chemicals in the presence of sunlight. A growing number of studies have demonstrated that even a modest spike in O 3 concentration in the ambient air increases hospital admission rate, impacts labor productivity, and increases premature death (Jerrett et al., 2009; Mar and Koenig, 2009; Zivin and Neidell, 2012) . It is anticipated that global climate change could increase ambient O 3 (Manning and Tiedemann, 1995; Meleux et al., 2007) , suggesting increased future detrimental impacts of this pollutant on economic growth and public health.
A large variability in acute O 3 -induced health effects exists, ranging from little effect in resistant individuals to respiratory dysfunction in sensitive individuals (Holz et al., 1999; Kulle et al., 1985; Mudway and Kelly, 2000) . Modifying factors such as age, sex, nutrition, pre-existing diseases, obesity, socioeconomic status, and genotype are suggested for interindividual differences in susceptibility to O 3 (Vinikoor-Imler et al., 2014) ; however, the exact mechanisms responsible are still not well understood. Previous studies from our laboratory and others have provided experimental evidence supporting a role for the hypothalamic-pituitary-adrenal (HPA) stress axis in O 3 -induced health effects (Miller et al., 2016a; Thomson et al., 2016 Thomson et al., , 2013 . We have demonstrated that blocking the O 3 -induced increase in the glucocorticoid corticosterone modified pulmonary and systemic responses to O 3 exposure (Thomson et al., 2016) , implicating the stress axis in O 3 -induced adverse health effects. Based on these findings, we hypothesise that interindividual differences in stress axis function contribute to differential effects of O 3 exposure.
The role of glucocorticoids in immune system regulation has been extensively studied (Cain and Cidlowski, 2017; Coutinho and Chapman, 2011) . The general consensus is that glucocorticoids inhibit T helper (Th) 1/ cell-mediated immune response but activate Th2/humoral immune response by modifying cytokine production by immune cells (Elenkov and Chrousos, 1999) . Synthetic glucocorticoids are powerful anti-inflammatory agents, and have been extensively used to treat inflammation, including lung inflammation, over the past 6 decades (Barnes, 2006; Coutinho and Chapman, 2011) . In addition to synthetic glucocorticoids, endogenous glucocorticoids have also been demonstrated to dampen the lung inflammatory response in both humans and laboratory animals (Watterberg et al., 2000; Zhang et al., 2009 ). Collectively, these studies suggest that the stress axis plays a pivotal role in modifying lung inflammation. Although stress reactivity is tightly regulated, there is considerable interindividual variability in the amplitude and duration of the response (Charmandari et al., 2005; Ebner and Singewald, 2017) . Stress axis dysfunction is associated with cardiovascular, metabolic, respiratory, and inflammatory diseases (Morand and Leech, 2001; Pasquali et al., 2006; Watterberg et al., 2001; Xiong and Zhang, 2013) . Since the stress axis is implicated in the regulation of lung inflammation and disease susceptibility, we sought to investigate how differences in stress axis responsiveness alter health impacts of O 3 .
Genetically related Fischer 344 (F344) and Lewis (LEW) rats have been extensively used in inflammation research to describe the role of stress axis in inflammatory diseases (Karalis et al., 1995; Misiewicz et al., 1997; Morand and Leech, 2001; Sternberg et al., 1989) . Although inbred F344 and LEW originate from the same maternal strain (Sprague-Dawley), F344 exhibit a hyper-responsive stress axis whereas LEW display a hypo-responsive stress axis (Cohen et al., 2006; Dhabhar et al., 1993 Dhabhar et al., , 1997 . A mounting number of studies have demonstrated that LEW are highly susceptible to inflammatory diseases whereas F344 tend to be more resilient to such diseases (Karalis et al., 1995; Sternberg et al., 1989) . Notably, exposure of LEW to dexamethasone (a synthetic glucocorticoid) or transplantation of F344 hypothalamic tissue into LEW attenuated systemic inflammatory responses or arthritis caused by inflammatory mediators (Misiewicz et al., 1997; Sternberg et al., 1989) , suggesting dysregulation of stress axis function is driving the inflammatory response in this rat strain. A review of previous studies that have compared effects of O 3 across multiple strains suggests that F344 is one of the less sensitive rat strains to O 3 -induced inflammatory response (Bassett et al., 2000; Dye et al., 1999) , but the reason for the reduced responsiveness has not been elucidated. Similarly, responses of F344 and LEW to O 3 have not been previously compared to examine whether interstrain differences in stress axis are associated with O 3 toxicity. We hypothesised that the relatively hypo-stress responsive LEW would exhibit greater O 3 -induced lung inflammatory signaling compared to the hyper-stress responsive F344. We report that the lower glucocorticoid levels in LEW were associated with greater lung inflammatory signaling in response to O 3 compared to F344. However, lung injury markers were more strongly affected by O 3 in F344 than LEW, suggesting that inflammatory signaling and injury may not be strictly associated.
Material and methods

Experimental animals
Pathogen-free male F344 and LEW rats (~250-300 g) were obtained from Charles River (St. Constant, Quebec, Canada). Animals were housed individually in Allentown Inc. (Allentown, NJ, USA) rodent cages on woodchip bedding. Cages were placed in a full ventilation Allentown Inc. rodent housing system, with both supply and exhaust air passing through the high efficiency particulate air (HEPA) filters.
Animals were held to a 12 h dark/light cycle (lights on 06:00-18:00), and had free access to food (2014 Teklad Rodent Maintenance Diet Harlan Laboratories, Madison, WI, USA) and water. All experimental procedures were reviewed and approved by the Animal Care Committee of Health Canada, and adhered to the Canadian Council on Animal Care guidelines for humane animal use.
Experimental design
Animals were trained for progressively longer periods (0.5-3.5 h) in nose-only exposure tubes over 7 consecutive days for acclimatization. Rats were exposed to clean air or 0.8 ppm O 3 by nose-only inhalation for 4 h (n = 5/group) and euthanized immediately after exposure as previously described (Thomson et al., 2016) . Experiments were conducted across 5 days, with the timing of exposure and necropsy controlled to avoid bias due to diurnal variation in corticosterone levels. The average (mean ± SD) O 3 concentration, room temperature and relative humidity were 800 ± 13 ppb, 19.9 ± 0.4°C and 50.4 ± 2.9%, respectively.
Biological samples
Rats were anaesthetized by administration of isoflurane (5% at 1.5 L of O 2 /min). Blood was collected from the abdominal aorta and transferred into vacutainer tubes containing EDTA at 10 mg/ml and phenyl methyl sulfonyl fluoride at 1.7 mg/ml for isolation of plasma. Plasma was isolated by centrifugation (1448 × g for 10 min at 4°C), aliquoted, and frozen at −80°C. The lungs were washed with warm saline (37°C) at 30 ml/kg body weight to obtain primary bronchoalveolar lavage (BAL), followed by 6 × 5 ml of warm saline rinse to maximise cell recovery. Lavage sampling was done by the same technician to avoid any sampling bias. Lavage samples were centrifuged (491 × g for 10 min at 8°C) to pellet cells, and primary lavage was aliquoted and frozen at −80°C. Cell pellets from primary and secondary lavage tubes were combined to determine the total cell recovery.
Plasma corticosterone
Corticosterone concentrations in plasma samples were determined using the DetectX® Corticosterone Enzyme Immunoassay Kit (Arbor Assays, Ann Arbor, MI) following the manufacturer's protocol.
Lavage total cells and differential count
Total cells in the lavage samples were quantified using the Sysmex XT-2000iv (Sysmex, Kobe, Japan) hematology analyzer. Measurement was done on manual setting mode using a rat BAL gating provided by the manufacturer. Differential cell counts were obtained using cytospin preparations. Slides were stained with Wright stain (Sigma, Oakville, ON, Canada) using an automated stainer (Hematek ® 3000, Siemens
Healthcare Limited, Oakville, ON, Canada). A total of 400 cells were counted for differential count analysis.
Lavage cytokines
Cytokines in lavage samples were assessed using the Bio-Plex Pro™ Rat Cytokine 24-plex Assay kit (Bio-Rad Laboratories Ltd., Mississauga, ON, Canada) following manufacturer's instructions. Cytokines analyzed in the study included: erythropoietin (EPO), granulocyte colony-stimulating factor (G-CSF), granulocyte-macrophage colony-stimulating factor (GM-CSF), keratinocyte chemoattractant (GRO-KC), interferon (IFN)-γ, monocyte chemoattractant protein (MCP)-1/CCL2, macrophage colony-stimulating factor (M-CSF), macrophage inflammatory protein 1 (MIP)-1α/CCL3), macrophage inflammatory protein (MIP)-3α/CCL20, regulated on activation normal T cell expressed and secreted (RANTES), tumour necrosis factor (TNF), vascular endothelial growth factor (VEGF), interleukin 1 (IL)-1α, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-7, IL-10, IL-12P70, IL-13, IL-17α, and IL-18.
Lavage protein, albumin and lactate dehydrogenase
Total protein in lavage samples was determined with the Pierce™ BCA kit (Thermo Scientific, Waltham, MA, USA). A rat albumin ELISA kit was used to quantify albumin in lavage samples (Abcam, Cambridge, MA, USA). Lavage lactate dehydrogenase (LDH) activity was measured by use of a colourimetric assay kit (Abcam).
Statistical analyses
Data were analyzed by two-way ANOVA with O 3 (0, 0.8 ppm) and Strain (F344, LEW) as factors, followed by the Holm-Sidak multiple comparison procedure to elucidate the pattern of significant effects (α = 0.05; Sigma-Plot 13, Systat Software Inc., San Jose, CA, USA). Where necessary, data were transformed to meet the requirements of normality and equal variance. Non-transformed data are shown in the figures. All data are shown as mean ± standard error of the mean (S.E.M.).
Results
Plasma corticosterone
Corticosterone levels were significantly higher in F344 compared to LEW (Strain main effect, p < 0.001; Fig. 1 ). Exposure to O 3 significantly increased plasma corticosterone in both F344 and LEW, with levels in LEW remaining lower than levels in F344 (O 3 main effect, p < 0.001).
Lavage cell recovery
The total number of cells recovered from the lower respiratory tract by bronchoalveolar lavage was greater in F344 than LEW (Strain main effect, p < 0.001; Fig. 2) . O 3 decreased cell recovery in both strains (O 3 main effect, p < 0.001), with recovery tending to be more strongly impacted in LEW than F344 (75% vs. 37% reduced yield, respectively). There was no significant change in the composition of cells recovered by bronchoalveolar lavage after O 3 exposure in either strain (data not shown).
Lavage cytokine/chemokine signaling
F344 and LEW exhibited clear strain differences in baseline (airexposed) BAL cytokine/chemokine levels, and in response to O 3 ( Fig. 3 and Supplementary Fig. 1 and GRO-KC compared to LEW strain. The majority of pro-inflammatory cytokines were either significantly increased or showed a trend for greater production in LEW after O 3 exposure ( Fig. 3 and Supplementary Fig. 1 ). In contrast, O 3 exposure in F344 significantly reduced IFN-γ, IL-1α, IL-4, and IL-12P70. TNF and VEGF were increased by O 3 in both strains. Overall, mapping of O 3 -induced modification of cytokines/chemokines showed a greater magnitude of response in LEW than F344 (Fig. 4) . IL-2, IL-6, IL-13, EPO and RANTES were not significantly different according to Strain or O 3 ( Supplementary Fig. 1 ), and IL-1β, IL-18, G-CSF and GM-CSF were below the detection limit of the assay (data not shown).
Lung permeability/ injury markers
Given the distinct cytokine/chemokine profiles in F344 and LEW, we were interested in examining whether lung permeability/injury biomarkers exhibited similar contrasts according to strain. Lavage total protein, albumin concentration, and LDH activity were each increased in both strains immediately after exposure to O 3 , with greater effects observed in F344 (Fig. 5A, B & C) . Significant Strain and O 3 main effects were observed for total protein (Strain main effect, p < 0.001; O 3 main effect, p < 0.001; Fig. 5A ) and LDH (Strain main effect, p = 0.038; O 3 main effect, p = 0.013; Fig. 5C ) whereas a significant Strain x O 3 interaction was observed for lavage albumin (p = 0.019; Fig. 5B ).
Discussion
The main findings of this study were: a) acute exposure to O 3 increased corticosterone production in both F334 and LEW, with significantly lower plasma levels in LEW than in F334, b) variability in stress axis function was associated with differential acute O 3 -induced pulmonary inflammatory markers as assessed by cell recovery, cytokine and chemokine release, with overall stronger pro-inflammatory effects observed in LEW, and c) in contrast, lung injury markers were increased in response to O 3 to a greater extent in F344 than LEW. In agreement Fig. 1 . : Plasma corticosterone concentrations in Fischer (F344) and Lewis (LEW) rats exposed to air or 0.8 ppm ozone (O 3 ) for 4 h. An asterisk denotes significant O 3 main effect (p < 0.001) within each rat strain whereas a number symbol represents significant Strain main effect (p < 0.001) between F344 and LEW (two-way ANOVA with Holm-Sidak post-hoc test; n = 4-5 rats/strain/ treatment). with our previous studies (Thomson et al., 2016 (Thomson et al., , 2013 ), short-term exposure of F344 to 0.8 ppm O 3 provoked a rapid increase in plasma corticosterone. Despite the relative hyporesponsive stress axis of LEW (Cohen et al., 2006; Dhabhar et al., 1997) , plasma corticosterone was also increased in LEW immediately after O 3 exposure. There is considerable variability in responses of LEW to stressors, with some studies showing no increase in plasma glucocorticoid production in response to stressor exposure while glucocorticoids increased in response to others (Cohen et al., 2006; Dhabhar et al., 1993 Dhabhar et al., , 1995 Stöhr et al., 2000) . While O 3 activated the stress axis in both strains, plasma glucocorticoid levels remained lower in LEW compared to F344, consistent with previous strain comparison studies examining the response to other stressors (Cohen et al., 2006; Dhabhar et al., 1993 Dhabhar et al., , 1997 . The differential plasma glucocorticoid profiles observed in the genetically related F344 and LEW provides a comparative model for investigating the role of stress axis variability in regulating health impacts of O 3 .
Exposure to air pollutants and airborne pathogens has been demonstrated to increase the production of pro-and anti-inflammatory cytokines in the lungs (Al-Harbi et al., 2016; Manzer et al., 2008; Matsubara et al., 2009; Thomson et al., 2016) . In the present study, levels of several key pro-inflammatory cytokines were decreased in the lung lavage fluid of F344 but increased in LEW immediately after O 3 exposure. These differences could be attributed to the interstrain differences in glucocorticoid levels, since both synthetic and endogenous glucocorticoids have been shown to modify lung inflammatory response in experimental models and humans (Barnes, 2006; Coutinho and Chapman, 2011; Watterberg et al., 2000; Zhang et al., 2009 ). Glucocorticoids at elevated concentrations inhibit Th1-mediated inflammatory response and promote a shift towards Th2-mediated antiinflammatory response (Elenkov and Chrousos, 1999 ). In the hypo- stress responsive LEW, O 3 exposure significantly increased production of key pro-inflammatory cytokines (e.g. MCP-1, MIP-1α, and TNF). Conversely, production of several pro-inflammatory cytokines including IL-12P70, IFN-γ, and IL-1α were significantly attenuated in the hyper-stress responsive F344 after the O 3 exposure. Studies have demonstrated that IL-12P70, an active form of IL-12, is a key regulator of the Th1 response and is responsible for the production of IFN-γ from Th1 cells (Elenkov and Chrousos, 1999; Watford et al., 2003) . Treatment of macrophages or monocytes with glucocorticoids reduced the production of IL12 and decreased synthesis of IFN-γ from Th1 cells (Blotta et al., 1997; Elenkov and Chrousos, 1999) , suggesting a potential pathway through which O 3 -dependent effects on cytokine profiles are mediated in F344. Although we observed a reduction in Th1 response in the hyper-responsive F344, there was no induction of Th2 response markers in this strain. Future research will examine the temporal relationships among glucocorticoids and Th1 and Th2 responses in F344 and LEW following O 3 exposure.
Generally, acute responses to O 3 in humans and laboratory animals include a decrease in total cell/macrophage recovery by bronchoalveolar lavage, with subsequent increases 18-48 h after O 3 exposure due to extravasation of inflammatory cells (Hatch et al., 1994; Koike et al., 2004; Thomson et al., 2016) . The reduced cell recovery in LEW after O 3 is consistent with the increased production of chemotactic factors MCP-1 and MIP-1α, as these factors modify monocyte/macrophage differentiation, migration, and recovery (Capelli et al., 2002; Zhao et al., 1998) . Macrophages recovered by bronchoalveolar lavage of Sprague Dawley rats exposed to 0.8 ppm O 3 demonstrated greater adhesion to rat lung epithelial cells (AR-14) in vitro, and treatment with anti-CD-11b, anti-ICAM-1, or anti-TNF plus anti-IL-1α antibodies significantly attenuated O 3 -induced macrophage adhesion (Bhalla et al., 1996) . Dexamethasone treatment has been shown to alter cell morphology and disrupt cell adhesion signaling in monocyte-derived macrophages (Giles et al., 2001) , suggesting that differences in corticosterone levels could also be involved in mediating differences in cell recovery in the two strains.
Prolonged production of pro-inflammatory cytokines and uncontrolled activation of Th1 response enhance host tissue injury in animals (Elenkov and Chrousos, 1999; Moldoveanu et al., 2008) . However, immediately after exposure we saw greater levels of lung injury markers (total protein, albumin, and LDH) in the lavage of O 3 -exposed F344 compared to LEW, which exhibited more robust inflammatory signaling. Whereas glucocorticoids have been shown for the most part to reduce lung inflammation, the relationship of glucocorticoids and lung injury in response to inhaled stimuli is less clear. A glucocorticoid receptor antagonist alleviated hyperoxia-induced lung injury in C57BL/6 mice (Barazzone-Argiroffo et al., 2003) . Increased levels of lavage protein, albumin and LDH observed following exposure of Wistar-Kyoto rats to 1 ppm O 3 were attenuated in rats that underwent adrenalectomy (Miller et al., 2016b) . Conversely, exposure of BABL/c mice to methylprednisolone (a synthetic glucocorticoid) reduced lipopolysaccharide (LPS)-induced lung injury, possibly due to glucocorticoid-promoted differentiation of M1 to M2 macrophages (Tu et al., 2017) . Similarly, dexamethasone treatment decreased septic shock-induced lung injury in Wistar rats (Incerpi et al., 2015) and improved influenza virus-induced lung lesions in C57BL/6 mice (Li et al., 2012) . Several studies have also shown that glucocorticoids regulate tight junction permeability of lung and improve epithelial barrier functions (Kielgast et al., 2015; Sekiyama et al., 2012) .
In the present study, corticosterone was increased by a similar foldchange by O 3 in both F334 and LEW, but F334, with its higher basal corticosterone level, exhibited greater increases in lung injury markers. Our results suggest that it may be the level of glucocorticoid rather than the fold-change that is more important to injury response. This could possibly explain the conflicting observations of glucocorticoid involvement in exacerbating or reducing lung injury described above in other models. It is interesting to note that inflammatory mediators exhibit a biphasic response to glucocorticoids according to level (Cain and Cidlowski, 2017; Yeager et al., 2010 ) and a similar relationship might exist for injury markers as well. Clinical studies have shown that a lower dose of glucocorticoids helps to alleviate acute lung injury or acute respiratory distress syndrome but glucocorticoids at higher doses may worsen the outcome (Tang et al., 2009; Thompson, 2003) . Collectively, these results are consistent with the notion that glucocorticoids play a role in injury response, but suggest that their net impact may depend upon the specific circumstances in question, including interindividual differences in baseline glucocorticoid levels.
Given the focus on stress and stress response, it is important to consider strengths and limitations of the experimental approach. By using two strains with established contrasts in stress reactivity, we avoided stresses and potential off-target effects of acute pharmacological or surgical interventions aimed at blocking HPA axis response to study health impacts of O 3 . Experimental exposures were carefully designed to block for potential confounding from diurnal variation of stress hormones. Exposures of F344 and LEW were conducted simultaneously to ensure that exposure conditions were the same for both strains. Although the nose-only system has been extensively used in the inhalation experiments, restraint in nose-only exposure tubes is itself a stressor (Thomson et al., 2009) . Animal handling and training before an experiment have been acknowledged as the best practice to reduce stress and ensure the well-being of experimental animals (Conour et al., 2006 ), but it is nevertheless possible that strain-specific differences in adaptation to training could influence their response to test atmospheres. Our results, showing lower glucocorticoid levels and increased O 3 -dependent inflammatory signaling in LEW compared to F344, were broadly consistent with previous work in these models involving exposure to inflammatory stimuli, suggesting that under our experimental conditions the strains maintained their anticipated differences in stress and inflammatory response. As stress hormones can rapidly impact inflammatory signaling (Busillo and Cidlowski, 2013; Cain and Cidlowski, 2017) , and studies have demonstrated changes in lung inflammatory signaling and increases in plasma corticosterone immediately after O 3 exposure (Thomson et al., 2016 (Thomson et al., , 2013 , we selected an early time point to assess whether O 3 -dependent inflammatory signaling differed in strains with contrasting acute stress responses rather than evaluating later aspects of the inflammatory response.
In conclusion, the present study supports the notion that variability in stress axis function may be involved in regulating acute O 3 -induced lung inflammation and injury. We observed distinct lung inflammatory and injury responses in the two strains: the hyper-stress responsive F344 showed significantly lower lung inflammatory response and greater lung injury biomarker response compared to the hypo-stress responsive LEW. Dampening of the pro-inflammatory response in O 3 exposed F344 is consistent with anti-inflammatory actions of glucocorticoids. The differential profile of lung inflammatory and injury markers reaffirms the importance of quantifying both when examining interstrain or interindividual differences in response to O 3 inhalation, as inflammatory signaling cannot be strictly interpreted as indicative of lung injury. Given the large variability in stress axis reactivity among humans (Charmandari et al., 2005; Ebner and Singewald, 2017) , stress axis regulation could potentially be a determining factor underlying O 3 sensitivity.
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